One of the unique features of mirrorless optical parametric oscillators based on counterpropagating three-wave interactions is the narrow spectral width of the wave generated in the backward direction. In this work, we investigate experimentally and numerically the influence that a strong phase modulation in the pump has on the spectral bandwidths of the parametric waves and on the efficiency of the nonlinear interaction. The effects of group-velocity mismatch and group-velocity dispersion are elucidated. In particular, it is shown that the substantial increase in temporal coherence of the backward-generated wave can be obtained even for pumping with a temporally incoherent pump. A configuration of a mirrorless optical parametric oscillator is proposed where this gain in spectral coherence is maximized without a penalty in conversion efficiency by employing group-velocity matching of the pump and the forward-generated parametric wave.
INTRODUCTION
Nonlinear parametric interactions where the phase-matched signal and idler waves are generated in opposite directions establish a distributed feedback mechanism, which enables optical parametric oscillation without the need of external mirrors or surface coatings. A device employing this mechanism, the mirrorless optical parametric oscillator (MOPO), was theoretically suggested in 1966 [1] and experimentally realized 40 years later [2] by using periodically-poled KTiOPO 4 (PPKTP) with sub-μm periodicity as a quasi-phase-matched (QPM) nonlinear medium. This short periodicity translates into a large QPM grating vector that can compensate for the large momentum mismatch between the counterpropagating waves through QPM of first order. PPKTP crystals with similar periodicities have also been used for the construction of electrically controlled Bragg reflectors through third-order QPM [3] and for backward second-harmonic generation through QPM of sixth and seventh order in waveguides [4] and in bulk [5] . One of the remarkable properties of the MOPO is the strong asymmetry in spectral bandwidth between the signal and the idler pulses: the bandwidth of the forward signal is comparable to the pump bandwidth, whereas that of the backward idler is typically one to two orders of magnitude narrower [6] . It has recently been demonstrated, both experimentally and numerically, that this spectral asymmetry occurs when the pump wave exhibits deterministic phase modulation. In accordance with the convection-induced phase-locking mechanism [7] [8] [9] [10] [11] , the phase modulation in the pump is coherently transferred to the forward parametric wave, while the backward wave retains a narrow bandwidth and high coherence [12] . This mechanism has previously been verified in a MOPO pumped with relatively narrowband (1.2 THz) linearly chirped pump pulses.
In this work, we experimentally and numerically investigate how the spectral extent and the temporal coherence of the pump, along with the dispersive properties of the nonlinear medium, affect the conversion efficiency and the spectra of the parametric waves generated in a MOPO. The influence of the pump bandwidth on the MOPO operation is experimentally studied by pumping a PPKTP crystal with linearly-chirped pulses of bandwidths up to 4 THz, showing that a broader pump spectrum decreases the conversion efficiency and predominantly broadens the spectrum of the forward parametric wave. The MOPO dynamics is numerically simulated with a new numerical scheme that solves the coupled wave equations in the counterpropagating configuration in the presence of group-velocity dispersion (GVD) by combining the trajectories method for the nonlinear three-wave interaction and fast Fourier transformation (FFT) to account for the GVD effects. We numerically model MOPO operation with linearly chirped pump pulses and quantify the decrease in conversion efficiency for an increasing spectral width. New pumping configurations are also studied, showing that a MOPO may operate even when the pump is incoherent with a phase modulation that varies randomly throughout the pulse. Regardless if the phase modulation in the pump is deterministic or stochastic, the backward parametric wave always has a bandwidth that is narrow compared to that of the forward wave. This effect is especially pronounced if the pump wavelength and the modulation period of the nonlinear medium are chosen so that the group velocities of the pump and the forward wave are exactly matched. Furthermore, with matched group velocities, the MOPO conversion efficiency becomes rather insensitive to the spectral quality of the pump. This paper is organized as follows: In Section 2., we summarize the MOPO characteristics and emphasize the factors that determine the phase modulation in the parametric waves. The experimental demonstrations of MOPO operation are described in Section 3. and the nonlinear three-wave interaction is simulated numerically in Section 4., where linearly chirped pump pulses are treated in Subsection 4.A. and pump pulses with stochastic phase modulation are used in Subsection 4.B. Finally, we present a summary in Section 5.
MOPO PRINCIPLES
In a MOPO, the pump wave is down-converted into forwardpropagating and backward-propagating parametric waves, in accordance with energy conservation,
(
and counterpropagating quasi-phase-matching,
where j p, f , b denote the pump, the forward and the backward parametric waves, respectively. K G 2π∕Λ is the grating vector given by Λ, the modulation period of the secondorder nonlinear coefficient. The choices of pump wavelength and grating periodicity determine which of the forward and the backward waves that carries the most energy, i.e. which is the signal and which is the idler. When the crystal is pumped above threshold, the counterpropagating parametric waves automatically establish a distributed-feedback mechanism and thereby optical parametric oscillation without a cavity. The pump intensity required to reach threshold for MOPO operation, I p;th , can be estimated from the plane-wave monochromatic model [13] a s
where c is the speed of light in vacuum, ε 0 is the permittivity of free space, n j are the refractive indices, λ j are the backward and forward wavelengths, L is the crystal length and d eff is the effective quadratic nonlinearity. The conversion efficiency is zero at the threshold, but increases rapidly with the pump intensity and reaches almost 80% at two times the threshold value. However, for a pulsed pump, the nonlinear process becomes less efficient and the conversion efficiency must be calculated with numerical methods. By differentiating Eqs. (1) and (2) while keeping the grating periodicity constant, the rate of change of the frequencies of the parametric waves with respect to the pump frequency can be expressed as functions of the group velocities, v g;j j p; f ; b, of the three waves [2] ,
The plus signs in the denominators and in the numerator for the forward wave originate from the counterpropagating geometry. A dimensionless parameter, ε 1 , is introduced as a measure of the group-velocity difference between the forward wave and the pump. In wavelength regions where the material is transparent, the group velocity is normally a slowly varying function of the frequency, implying that jε 1 j ≪ 1 and that the derivative is close to unity for the forward wave [Eq. (4)] and close to zero for the backward wave [Eq. (5)]. The frequency of the forward wave hence follows the pump as the pump tunes, whereas that of the backward wave stays almost constant. As a numerical example, using a PPKTP crystal with Λ 800 nm, ε 1 ≃ 0.01 for a broad range of pump wavelengths in the near-infrared. The very different tuning rates imply that there is an asymmetry in bandwidth between the parametric waves when a broadband pump is used, since all frequencies present in the pump generate almost the same backward frequency. Equivalently, the bandwidth asymmetry can be related to the phase modulation present in the parametric waves, which is transferred from the pump to the forward and backward waves at the same rates as ∂ω f ∕∂ω p and ∂ω b ∕∂ω p , thereby being much stronger in the forward wave [12] . If the QPM period, Λ, and the pump frequency, ω p , are chosen in such a way that the group velocities of the pump and the forward wave are equal, then ε 1 0 and from Eq. (5) there is no phase modulation in the backward wave. This is however an approximation, since any pulsed pump contains a continuum of frequencies, which all have slightly different values of ε 1 due to group-velocity dispersion. For a frequency ω 
The second derivatives can be expressed in the group velocities, v g;j , and the GVD coefficients,
Equations (6) and (7) quantify how the rate at which the phase modulation is transferred from the pump to the parametric waves varies with the pump bandwidth. Since j∂ω f ∕∂ω p j ≫ j∂ω b ∕∂ω p j, the relative correction introduced by the GVD-related term ε 2 δω p given by Eq. (8) is much stronger for the backward wave. Even with a pump bandwidth exceeding several tens of THz, this correction always has a negligible contribution to the forward-wave spectrum. On the other hand, when ε 1 0, the spectral width due to residual phase modulation present in the backward-generated wave will be proportional to the difference in GVD coefficients between the forward wave and the pump, β 2;f − β 2;p , and also proportional to the pump bandwidth. The spectral bandwidths of the parametric waves depend on both the amount of phase modulation present in them and on the temporal shapes of the pulses. Phase modulation in the pump gives rise to a temporal frequency shift, dω p ∕dt, which is transferred to the parametric waves by multiplication of 1 ε 1 for the forward wave and −ε 1 for the backward wave. The temporal shape of the pulses sets a lower limit on the bandwidth through the width of its Fourier transform, which scales inversely to its temporal length, τ p . In the case when the pump bandwidth is strongly dominated by phase modulation, i.e. jdω p ∕dtj ≫ τ −2 p , this property is always inherited by the forward wave. Depending on the value of jε 1 j and the spectral and temporal properties of the pump, the backward-wave bandwidth can be dominated either by phase modulation or by its temporal duration.
EXPERIMENTAL RESULTS
In order to investigate the influence that the phase modulation in the pump has on the spectral properties of the parametric waves generated in a MOPO, we used two pumping configurations, where in both cases the temporal pulse lengths were approximately the same, but the linear chirp rates differed substantially. The pump pulses were derived from a Ti:Sapphire regenerative chirped-pulse amplifier system where the spectral width and the chirp rate of the pulses were adjusted by employing two different sets of stretcher-compressor gratings. Spectral filtering was applied in the stretcher and the output pulse length, measured with autocorrelation, was adjusted by adding an appropriate amount of negative group-delay dispersion in the compressor stage. A 6.5-mm-long PPKTP crystal with the periodicity of Λ 800 nm was used as the nonlinear medium, engineered for a quasi-phase-matched interaction between the pump, a near-infrared forward signal, and a backward idler in the mid-infrared. The fabrication details of the crystal are described in [3] and [5] .
The pump beam propagated along the x direction of the PPKTP and was loosely focused inside the crystal to a 1∕e 2 intensity radius of 110 μm. A partially transmittive mirror, transparent for the pump and reflective for the idler, was placed in front of the crystal to direct the generated idler beam into a spectrometer (Jobin Yvon iHR 550). The spectra of the near-infrared pump and signal were measured with a fibercoupled spectrometer (Ando AQ-6315A) that was placed after the crystal. A schematic sketch of the setup is found in Fig. 1 . The pump was linearly polarized along the z direction of the PPKTP and generated z-polarized parametric waves through the largest nonlinear tensor component, d 33 .
In the first pumping configuration, the pump pulses had a central wavelength of 814.5 nm, a full-width at half-maximum (FWHM) spectral width of 1.1 THz and a FWHM temporal length of 66 ps, giving the pulses an approximately linear frequency chirp of dω p ∕dt ≃−0.10 ps 2 . With this pump, MOPO threshold was reached at the intensity of 1.4 GW∕cm 2 , which can be compared to 0.8 GW∕cm 2 as calculated from Eq. (3) for a monochromatic pump with d eff 9 pm∕V. The input pump and the depleted pump spectra at 1.5 times the MOPO threshold for this narrowband pump are shown in the left panel of Fig. 2 (a) by solid and dotted lines, respectively. Note that the spectra, due to the linear chirp, reflect the temporal evolution of the pump depletion. The corresponding signal and idler spectra are displayed in the left panels of By comparing the input and output pump spectra, the average pump depletion at this intensity is estimated to be 28%.
The other pumping configuration was used to test the possibility of MOPO operation with pulses of broad spectral width and strong phase modulation. The pump was tuned to a central wavelength of 858.0 nm and the FWHM bandwidth was increased to 4.0 THz. After the compressor, the FWHM temporal length was 50 ps and the chirp rate was −0.49 rad∕ps 2 . The MOPO reached threshold at the intensity of 1.5 GW∕cm 2 , which is slightly higher than for the narrowband pump pulse. The spectra of the pump, the signal, and the idler measured at 1.7 times the threshold intensity are shown in the right panels of Fig. 2(a), Fig. 2(b) and Fig. 2(c) . A comparison of the undepleted (solid line) and depleted pump (dotted line) reveals that after an initial delay required for establishing the distributed feedback, the pump power is very efficiently depleted in the MOPO. The MOPO reaches the maximum efficiency at the moment when the pump wavelength is 861.7 nm, corresponding to the wavelengths of the signal peak at 1217.9 nm (FWHM 1.6 THz) and the idler peak at 2945.7 nm (FWHM 59 GHz). The average pump depletion is estimated to be 21%, which is less than the 28% depletion of the narrowband pump at the lower relative intensity of 1.5 times threshold. The experiments show that a MOPO pumped with a broadband phase-modulated pump has approximately the same threshold as in the case of narrowband pumping. However, the stronger phase modulation somewhat reduces the conversion efficiency. In accordance with the reasoning in Section 2, the increased pump phase modulation is mostly transferred to the forward signal wave.
By comparing the spectra of the parametric waves generated by the two different pump pulses, several MOPO properties can be verified. For our PPKTP crystal with a QPM period of 800 nm, the calculated tunabilities, Eqs. (4) and (5), are ∂ω f ∕∂ω p 1.01 0.002 and ∂ω b ∕∂ω p −0.01∓0.002 for all pump wavelengths between 780 nm and 950 nm. By changing pumping configuration, the position of maximum conversion is here shifted from 861.7 nm to 815.2 nm, which is a frequency shift of 19.8 THz. This causes the signal to shift by 20.0 THz, whereas the shift in the idler is only −0.2 THz. Thus the signal tunes slightly faster than the pump, whereas the frequency of the idler changes only slowly in the opposite direction, which is in good agreement with calculations. Note that the idler bandwidth is narrow compared to that of the signal, which in both pumping configurations is very close to the width of the depleted part of the pump spectrum.
The temporal duration of the parametric waves can be estimated from the measured spectra and the linear chirp rates of the pump and the forward signal. It has been experimentally verified that a MOPO pumped with a linearly chirped pump gives rise to a linearly chirped forward wave with a similar chirp rate as the pump [12] . A linear chirp is a one-to-one frequency-to-time mapping, meaning that a spectral measurement contains temporal information about the pulses if the chirp rate is known. In both pumping configurations, the FWHM pulse lengths of the parametric waves are then approximately 20 ps. Assuming Gaussian pulse shapes, this pulse length corresponds to a transform-limited bandwidth of 22 GHz. The bandwidth of the narrower idler, measured to 27 GHz, is very close to this value, meaning that its spectral width is predominantly determined by its temporal shape. On the other hand, the pump with large phase modulation generated a backward-propagating idler with a FWHM spectral width of 59 GHz, indicating that the remnant phase modulation contributes appreciably to the idler spectrum. This effect is expected to be more pronounced with a further increased phase modulation in the pump, unless the group velocities of the pump and the forward propagating wave are perfectly matched, as will be shown below.
NUMERICAL MODEL
Numerical simulations of the nonlinear three-wave interactions in a MOPO were performed by solving the coupled wave equations in the slowly-varying envelope approximation. The field amplitudes, A j (j p; f; b), of the pump and the parametric waves evolve in accordance with the following set of coupled equations:
where σ j 2πd eff v g;j ∕λ j n j are the nonlinear coupling coefficients, d eff is the effective quadratic nonlinearity, γ j and β j ≡ v g;j β 2;j ∕2 are the damping and dispersion coefficients. The input parameters in the model are the properties of the nonlinear medium and the pump amplitude at the input crystal face, A p x 0;t, generating outputs of A p x L; t, A f x L; t, and A b x 0;t, where x 0 and x L denote the positions of the crystal input and output faces with respect to the pump beam. In all simulations, the nonlinear medium is a PPKTP crystal with L 6.5 mm, d eff 9 pm∕V, and dispersion parameters that are calculated from the Sellmeier expansion in [14] . For the numerical treatment of the coupled wave equations for counterpropagating interactions, the standard split-step one-directional integration algorithm, usually employed for copropagating interactions, is not suitable due to the fact that Eq. (9) represents a problem with two simultaneous, but spatially separate, boundary conditions, i.e., the pump and the signal waves are initially given at one end of the crystal, while the idler wave is input from the other end of the crystal. For such problems, there are two main appropriate numerical methods: the shooting or trajectories method and the relaxation method. For the problem at hand, the trajectories method is more convenient, whereby we eventually want to simulate a counterpropagating three-wave mixing process driven by a pump field with a quasi-random phase distribution. The trajectories method with the use of a Runge-Kutta algorithm has been extensively used for the treatment of stimulated Brillouin back-scattering problems [15] [16] .
The linewidth narrowing experimentally studied in Brillouin lasers [17] has been simulated in a Brillouin fiber-ring laser with the help of this method [18] . In that case, it is the acoustic wave that absorbs the phase fluctuations of the pump and allows the backward Stokes wave to increase its coherence. In order to numerically integrate the nonlinear counterpropagation dynamics in a MOPO in the presence of group-velocity dispersion (GVD), which introduces second-order time derivatives, we have developed a new numerical scheme which combines the trajectories method with fast Fourier transformation (FFT) to account for the GVD effects in the spectral domain. The scheme accurately conserves the number of photons and the Manley-Rowe invariants of Eq. (9) . As in the standard split-step approach, the evolution of Eq. (9) is for each time step (typically 1 fs long) first treated by linear propagation of the fields in the Fourier domain, thereby accounting for the GVD effects and the group-velocity difference between the pump and the copropagating wave. The originality with respect to the standard split-step schemes with multiply repeated FFT and inverse FFT procedures where exponential spectral cutoff filtering is introduced at the edges of the spectrum, is that we here introduce smoothed exponentially decreasing prolongations of the outgoing complex amplitudes (over a length d) in the x-space of the MOPO crystal (of length L) in order to render a periodic problem. Thus the FFT is correctly performed in the extended crystal of length M L 2d without arbitrary cutoffs. Then, after inverse FFT, the backward nonlinear interaction with spatially separate boundary conditions is treated by using the trajectories method. Integration over the trajectories in the nonlinear step of the algorithm was performed by using a fourth-order fixed-step Runge-Kutta method. The space-time is discretized in 2 N points with N 16 to 18, which, for instance, when N 16 allows for a total bandwidth of 35 THz with the resolution of 0.5 GHz.
The algorithm is seeded by an appropriate model pump field entering from one side of the nonlinear crystal and homogeneously spatially distributed signal and idler fields with powers corresponding to a half photon per mode and with random phases, representing quantum noise. During the field evolution, we checked that the Manley-Rowe invariants were preserved to the accuracy of better than 10 −5 , even after numerically evolving Eq. (9) over 6 × 10 6 time steps. The results obtained with our method were compared with those obtained using a fourth-order finite-difference scheme. For the chirped input pump pulse, where differentiability is ensured, the same quantitative results are obtained with both methods. The latter scheme, however, is not adapted for incoherent pulses.
A. Linearly-Chirped Pump Pulse MOPO operation in a PPKTP crystal of period Λ 800 nm is simulated with a linearly chirped pump pulse with a central wavelength of 861.7 nm. The input pump amplitude is chosen to be Gaussian and given by
The spectral and temporal shapes of the pulse are determined by the phase modulation, ϕ p t, and the FWHM temporal length, Δt 0 . With a linear chirp, the phase modulation is quadratic in time, ϕ p tα 2 t 2 , where the value of the chirp parameter α 2 −0.244 rad∕ps 2 is chosen to obtain the chirp rate of dω p ∕dt −0.49 rad∕ps 2 . With this chirp, a temporal intensity FWHM of Δt 0 52 ps gives a FWHM spectral width of 4.04 THz. The dispersion parameters in a KTP crystal at the pump and the parametric wavelengths are found in Table 1 , having a group-velocity difference that corresponds to ε 1 ≃ 9.8 × 10 −3 that varies throughout the FWHM bandwidth with approximately 2%, as ε 2 corresponds to 5.5 × 10 −5 ∕THz in cyclic frequency.
As the pump pulse enters the crystal, a forward signal and a backward idler are generated with similar spectral characteristics as those obtained in the experiments. The pump and the parametric spectra at the pump intensity of 2.34 GW∕cm 2 are illustrated in Fig. 3 , showing a backward idler with a spectral width of Δν b 51 GHz, which is narrow compared to the widths of the pump, Δν p 4.04 THz, and the forward signal, Δν f 1.78 THz. By integrating the spectra, it is found that the conversion into parametric waves here is I f L∕I p 00.036 for the signal and I b 0∕I p 00.014 for the idler. As expected from the convection-induced phase-locking mechanism, the phase modulation in the pump is essentially transferred to the forward signal, while the phase of the backward idler is approximately constant. This is further illustrated in Fig. 4 where the phase distributions of the waves are plotted inside the crystal at the time t 141 ps . Figure 4 (a) corresponds to the simulation with the dispersion data in Table 1 , showing that the signal phase approximately follows the phase of the pump, whereas the idler phase is only weakly modulated. As a comparison, the phases of a simulation with perfect group-velocity matching between the forward signal and the pump is shown in Fig. 4(b) . The same dispersion relation is used, with the change that v g;f v g;p so that ε 1 0. The phase modulation in the pump is then almost completely transferred to the forward signal and the phase of the backward idler is practically constant throughout the crystal. By running simulations with pump pulses of different spectral widths, it is observed that the conversion efficiency decreases as the pump spectrum broadens when the groupvelocity difference between the forward wave and the pump is the same as in the experiments and ε 1 ≃ 9.8 × 10 −3 . This behavior is due to the nonzero convective velocity jv g;p − v g;f j of the comoving waves, i.e. a finite temporal walk-off, which makes the spectral components in the signal move past those in the pump. On the other hand, for perfect group-velocity matching (v g;f v g;p , ε 1 0), there is no temporal walk-off and the conversion efficiency is constant as the pump spectrum broadens, since the pump and the signal move at the same velocity. The pump depletion, 1 − I p L∕I p 0, and the conversion efficiencies into signal, I f L∕I p 0, and idler, I b 0∕I p 0, were systematically investigated for linearly chirped Gaussian pump pulses where the temporal pulse shape was held constant with a FWHM length of 52 ps and a peak intensity of 2.57 GW∕cm 2 . The spectral width was controlled by varying the chirp parameter α 2 from 0 to −0.30 rad∕ps 2 , corresponding to a FWHM bandwidth from the transform limit up to about 5 THz. In Fig. 5 , the three lower curves show how the pump depletion and the conversion efficiency into signal and idler decrease as the pump bandwidth increases. Each point on the curves corresponds to a mean value over a set of simulations with random initial phases, i.e. the phase modulation is given by ϕtα 2 t 2 ϕ 0 , where ϕ 0 is a random number. The efficiency is slightly different for each choice of ϕ 0 and the value typically varies within the vertical bar of the plus signs associated to each point. At some points, there is an apparent increase in the efficiency with an increased pump bandwidth, which is due to the limited set of random initial phases (n 6) used for the averaging. However, the main behavior is that a broader pump input spectrum decreases the efficiency of the MOPO process when the group-velocities of the forward wave and the pump are not matched.
The upper curve in Fig. 5 shows the pump depletion when the group velocities of the pump and the forward-propagating wave are matched, v g;f v g;p . This gives a direct comparison between the two cases when ε 1 ≃ 9.8 × 10 −3 and ε 1 0 and shows that the nonlinear interactions in a MOPO become more efficient in the case of group-velocity matching (ε 1 0). Furthermore, the pump depletion (or the conversion efficiency) then also becomes rather insensitive to the spectral quality of the pump, due to the absence of temporal walk-off.
B. Incoherent Pump Pulse
One question that arises is if a MOPO can operate when it is pumped with incoherent pulses. It is not obvious that such pulses can generate a spectrally narrow backward-propagating parametric wave, which is a characteristic feature of a MOPO. In the conventional copropagating configuration, the generation of a temporally coherent wave from a temporally incoherent pump has been numerically studied for i.e. parametric down-conversion [19] and has been experimentally verified for second-harmonic generation [20] . In order to answer the question in the counterpropagating MOPO configuration, we used a pump pulse with randomly distributed phase variations, characterized by an exponential correlation function,
where τ c 1∕πΔν p is the correlation time. More precisely, we use a numerical scheme to generate a Gaussian spectrum with randomly distributed phases and a small random variation in the amplitude, which simulates a real laser output where the amplitude exhibits small fluctuations over its Gaussian shape. In order to obtain a well-behaved Gaussian input, we impose a Gaussian profile on the Fourier spectrum and the pump amplitude is entered as the inverse Fourier transform. The bandwidth is chosen to be the same as for the linearly chirped pulse The three lower curves correspond to the experimental condition, ε 1 ≃ 9.8 × 10 −3 , which clearly show a decrease in the efficiency as the pump bandwidth increases. The upper curve shows that the pump depletion is essentially independent of the pump bandwidth when ε 1 0. The pump depletion for the stochastic pump at the intensities of 2.57 GW∕cm 2 (black triangle) and 3.5 GW∕cm 2 (black diamond) are also marked in the graph.
in the previous section, Δν p 4.04 THz, and the temporal FWHM pulse duration is 54 ps. With the central wavelengths in Table 1 , Fig. 6 and Fig. 7 illustrate the results of a simulation at the pump intensity of I p 3.5 GW∕cm 2 . In Fig. 6 , it can be seen that the MOPO starts oscillating after an initial delay of t − t 0 50 ps and then the parametric waves increase up to relative intensities of I f L∕I p 0 0.0403 for the signal and I b 0∕I p 00.0167 for the idler. Compared to pulses with deterministic phase modulation, stochastic phase fluctuations in the pump have a more detrimental effect on the MOPO conversion efficiency. Even though the pump intensity was increased by 36% to 3.5 GW∕cm 2 , the pump depletion was only 5.7% compared to 15.7% for a linearly-chirped pump at 2.57 GW∕cm 2 with the same bandwidth. For comparison, the pump depletion for a random pump at 2.57 GW∕cm 2 and 3.5 GW∕cm 2 are marked with data points in Fig. 5 . Figure 7 shows the spectra of the pump, the signal and the idler. Note that the spectrum of the backward idler is narrow, Δν b 33 GHz, compared to Δν p 4.04 THz for the pump and Δν f 1.42 THz for the forward signal. Consequently, the idler spectrum is more than two orders of magnitude narrower than that of the pump, Δν b ∕Δν p ≃ 1∕122. The stochastic phase jumps in the pump are transferred to the signal, thus allowing the counterpropagating idler to evolve toward a highly coherent state. This shows that the convection-induced phase-locking mechanism is efficient for both deterministic phase modulation and random phase fluctuations.
As a result of the phase-locking mechanism, the transfer of phase modulation to the forward wave becomes more efficient when the group velocities of the pump and the forward parametric wave are exactly matched [8] . This was shown in Fig. 4 by the use of an artificial dispersion relation, which also led to an increased pump depletion, as was shown in Fig. 5 . For z-polarized waves in PPKTP, matching of the group velocities can be achieved by designing the experiment so that the pump and the forward wave are on different sides of the maximum on the group-velocity curve shown in Fig. 8 . However, the combination of exact group-velocity matching and Fig. 6 . Temporal evolution of the amplitudes in a MOPO with the interacting wavelengths in Table 1 , pumped with pulses of stochastic phase modulation and a bandwidth of Δν p 4.04 THz: (a) the forward pump, (b) the forward signal, and (c) the backward idler. [14] . The symbols denote the pump (circle), the forward wave (triangle) and the backward wave (square) at the wavelengths in Table 1 (open  symbols) and Table 2 (solid symbols). quasi-phase-matching requires either a very short QPM period, which is hard to fabricate, or that the pump wavelength is substantially longer, which increases the MOPO threshold. One example of a set of wavelengths that fulfill group-velocity matching is found in Table 2 . For these wavelengths, the forward wave is the idler and the QPM period has to be 456.7 nm. The condition ε 1 0 is satisfied for the central pump and idler wavelengths and for the other wavelengths in the pump it must be taken into account that ε 2 corresponds to 3.8 × 10 −4 ∕THz due to the difference in dispersion parameters for the pump and the idler. Around the point of group-velocity matching, the MOPO becomes more efficient and the spectral quality of the pump can be reduced without a large effect on the conversion efficiency. This is illustrated by running a simulation with a stochastic pump with a FWHM temporal length of 50 ps and where the spectral width is increased to 23 THz.
At the pump intensity of 3.5 GW∕cm 2 , the results are shown in Fig. 9 and Fig. 10 . The MOPO starts oscillating after t − t 0 60 ps and the conversion efficiencies are I b 0∕I p 00.025 for the signal and I f L∕I p 00.015 for the idler. Because of the group-velocity matching, the bandwidth of the backward signal is only 23 GHz. This value is significantly smaller than the bandwidth of backward-wave in Fig. 7(c) , even though the pump bandwidth here has been increased by almost a factor of six. In the case of group-velocity matching under the stated operational conditions, the spectral width of the backwardgenerated wave is reduced by a factor of 1000 compared to the width of the input pump spectrum. The random phase fluctuations in the pump are efficiently transferred to the forward idler, which obtains a spectral width of 10 THz.
For the experimental verification of MOPO operation with an incoherent pump, a laser source is required that generates sub-ns pulses of energies around 100 μJ, at the same time as the pulses are incoherent. Good candidates for such a pump source are figure-eight fiber lasers operating in noiselike pulse mode with pulse lengths around 1 ns [21] , which could be amplified to the required energies in fiber amplifiers.
SUMMARY
In summary, we have experimentally realized mirrorless optical parametric oscillation in a PPKTP crystal by using linearly chirped pump pulses with bandwidths of up to 4 THz. It has been shown that the spectral bandwidth of the backwardgenerated wave is about two orders of magnitude narrower than that of the pump. In a general situation, the gain in temporal coherence of the backward-generated wave is limited by the group-velocity mismatch between the pump and the forward-generated wave. This mismatch also limits the conversion efficiency in the MOPO. Numerically, we proved that the same conclusions are valid regardless of the nature of the phase modulation present in the pump wave by simulating operation of a MOPO pumped by waves containing stochastic phase distributions. Moreover, we propose a generic MOPO configuration where the group-velocity matching can be achieved, thereby maximizing the gain in temporal coherence in the backward-propagating wave and making the efficiency of the device insensitive to the nature of the phase modulation present in the pump wave. This opens up an intriguing possibility for narrowband generation in MOPOs pumped with incoherent beams, e.g., derived from several lasers. Albeit the realization of such a MOPO requires QPM crystals which are slightly beyond the state-of-the-art of the current poling technology, the requirements are not unrealistic and can be met with the continuing development in fabrication techniques of submicrometer-periodicity nonlinear crystals. Improved fabrication techniques could also lead to the possibility of poling longer crystals. As the threshold intensity scales inversely to the square of the length of the structured region, an increase of this length from 6.5 mm to 18 mm results Fig. 9 . Temporal evolution of the amplitudes in a MOPO with the interacting wavelengths in Table 2 , pumped with pulses of stochastic phase modulation and a bandwidth of Δν p 23 THz: (a) the forward pump, (b) the backward signal, and (c) the forward idler. in a threshold intensity around 100 MW∕cm 2 , which is comparable to that in conventional copropagating PPKTP OPOs.
